Abstract: Solubility, fractionation by extraction as a function of temperature, and ammonolysis of α-hydro-ω-hydroxy-poly(oxycarbonyloxyhexane-1,6-diyl) in liquid and supercritical ammonia have been studied. Up to 120°C, the solubility of poly-(hexamethylene carbonate) increases with temperature without significant ammonolytic cleavage. Above the critical temperature of ammonia, solubility and molar mass of the solute decrease as ammonolysis becomes more and more important. The molar mass of the extracted and residual polymer decreases with temperature under supercritical conditions. Adjusting residence time and reactivity through temperature and flow rate enables controlled ammonolysis to constant molar mass. Kinetics of dihexyl carbonate and hexyl carbamate shows that ammonolysis of the carbamate is much faster than of dihexyl carbonate.
Introduction
Supercritical fluid extraction and chemistry in supercritical fluids have become an important field of research in recent years [1, 2] . Carbon dioxide is used as reaction medium or solvent in the vast majority of studies. Ammonia, which has a higher critical temperature and a higher critical pressure than carbon dioxide (see Tab. 1), is a useful or even better alternative for a number of applications.
Tab. 1. Physical constants of ammonia and carbon dioxide [3] b.p. in K One of the intriguing features of ammonia is that it is completely miscible with polar compounds like water but also with non-polar materials like, e.g., cyclohexane. A limiting factor for its use as solvent, however, is its nucleophilicity, which gives rise to a number of reactions with polymers that contain suitable groups. These are in particular derivatives of carboxylic acids, which are constitutional units in the polymer backbone of the majority of step addition and condensation polymers.
We have used ammonia as reaction medium for silylation reactions with hexamethyldisilazane. Poly(vinyl alcohol), e.g., can be silylated in liquid ammonia at 80°C in a homogeneous reaction [4] . In the silylation of polysaccharides like cellulose and starch, ammonia acts as activating agent and as reaction medium [5] . Ammonia has also been used as solvent and reagent for the ammonolytic cleavage of polyurethanes [6] . Reaction products of this type of chemical recycling are urea as final ammonolysis product of urethanes and substituted ureas, alcoholic hydroxy groups from urethanes and amines from the constituents of ureas. Furthermore, the different solubility of polyether polyols in liquid and supercritical ammonia, respectively, offers the possibility to separate the polyol from the other ammonolysis products by simple variation of pressure and temperature.
n n + n+1 (1) Polyesters, and in particular polycarbonates, are another class of polymers susceptible to ammonolytic cleavage [7] . Products of ammonolysis of polycarbonates are urea and the corresponding diols (cf. Eq. (1)).
The present paper reports on the behaviour of the aliphatic polycarbonate α-hydro-ω-hydroxy-poly(oxycarbonyloxyhexane-1,6-diyl) in ammonia at different temperatures: solubility, fractionation as a function of temperature, and ammonolysis, which can be used for controlled degradation. Dihexyl carbonate has been included as model compound to learn about the rate of the reactions involved.
Results and discussion

Solubility
Solubility of poly(hexamethylene carbonate), of model compounds, and of ammonolysis products was determined in an autoclave with glass windows. This allowed observing if a clear solution had formed and also if more than one liquid phase or a liquid plus a supercritical phase were present.
Poly(hexamethylene carbonate) is partly soluble in ammonia and its solubility increases with temperature. 5% are soluble at room temperature, 10% at 60°C and 20% at 100°C. Investigation of the soluble fraction by size exclusion chromatography (SEC) proved that it consists of oligomers. The molar mass of solubles increases with temperature. Experiments in the tube reactor with continuous flow of ammonia can also be used to qualitatively assess solubility (cf. Tab. 2). This will be discussed later. (2) Based on the results of extractions with ammonia in the continuous extractor, ammonolysis of dihexyl carbonate was studied at 150, 180 und 200°C in the autoclave. Concentration was 8.3 wt.-% to ensure homogeneous conditions for all experiments. Samples were taken with a stainless steel pressure vessel of 2.5 mL internal volume. Ammonia was slowly evaporated after cooling. The residues of the samples were 3
weighed, dissolved in CDCl 3 , filtered to remove insoluble urea, and analysed by 1 H NMR spectroscopy. Conversion was calculated from the ratio of integrals of the α-methylene hydrogens of dihexyl carbonate (triplet at 4.15 ppm), 1-hexanol (triplet at 0.96 ppm) and hexyl carbamate (triplet at 4.05 ppm). The latter is to less than 1% present in the mixture, which already indicates that ammonolysis of carbamate proceeds faster. Conversion time diagrams of ammonolysis of dihexyl carbonate for the different temperatures are given in Fig As ammonia is present in more than 75-fold excess with respect to the carbonic acid derivatives, pseudo-first order kinetics was found for all reactions. Rate constants and activation energies for ammonolysis of the three model compounds are given in Tab. 3. Two important results can be derived from the kinetic data. Ammonolysis of carbamic acid esters is faster by a factor of 7 to 18 than that of dihexyl carbonate, which means that k 2 is larger than k 1 in Eq. (2) . Moreover the activation energy of carbamate cleavage is higher than that of carbonate ammonolysis. By consequence the concentration of carbamates should be rather small, which is in agreement with the experimental results (cf. Fig. 1 ). Decreasing reactivity of carbamates from butyl to hexyl carbamate, i.e., with increasing chain length of the alcohol, corresponds to the reactivity of aliphatic esters in aminolysis with primary amines [8] .
Poly(hexamethylene carbonate)
The behaviour of poly(hexamethylene carbonate) in ammonia was studied in the continuous flow tube reactor. Since the polymer has a molecular weight distribution and solubility changes with molar mass, several fractions were collected from each experiment. Flow of ammonia was started when the desired temperature had been reached; samples were collected over 10 min. Ammonia was removed and the residue was weighed and analysed by SEC, in some cases also by end-group titration. Temperatures studied were between 35 and 180°C.
Results of two typical experiments of ammonia treatment and extraction of poly(hexamethylene carbonate) are shown in Fig. 2 for 35 and 100°C. Although extracted mass fractions are not identical with solubility, they should be proportional; hence, poly(hexamethylene carbonate) is by far more soluble at 100°C (35% in fraction 1) than at 35°C (8% in fraction 1). Polymer content decreases in the following fractions. The total amount of extracted polycarbonate after 2 h is 27.8% at 35°C and 93% at 100°C. Analysis of extracts with SEC is shown in Fig. 3 for some of the fractions obtained at 35°C. The first fraction contains most of the low-molar-mass oligomers. Molar mass of the extracts increases with time; it does not reach, however, that of the starting material. . They also decrease with temperature. At 144°C there is still essentially fractionation according to molar mass. Above 150°C molar mass is practically constant with time for a given temperature. Hence, poly(hexamethylene carbonate) can be degraded to polymers of lower molar mass in a controlled fashion under these conditions. These findings are supported by the SEC results from the residues of extraction. Up to 100°C molar mass of residues increases from 2580 to 10 000 (cf. Tab. 4), while polydispersity decreases from 2.56 to 1.32. With further increase of temperature molar mass decreases as a consequence of decreasing solubility and ammonolysis. Polydispersity goes up with temperature due to the prevailing random ammonolytic cleavage of chains.
To further distinguish between extraction and ammonolytic degradation, after extraction all fractions were combined again and hydroxy end groups were determined by acylation with acetic anhydride and titration of the acid formed by esterification and hydrolysis. The results are included in Tab. 4. Up to 120°C there is no significant increase of the hydroxy number, which indicates that there is no degradation. The slight increase shown in Tab. 4 most likely is due to some loss of material from handling. Above 150°C under supercritical conditions OH numbers increase to an extent that corresponds to 3 and almost 6 cleavage events per chain at 150 and 180°C, respectively. To study complete ammonolysis of poly(hexamethylene carbonate) a 20% mixture in ammonia was reacted at 200°C and 1000 bar for 2 h in an autoclave. Samples were taken after 15, 30, 45, 70, 90 and 125 min. A shift to lower molecular weight with time is observed and the amount of hexanediol increases. After 2 h only hexanediol can be found in the SEC chromatogram.
By conclusion, liquid and supercritical ammonia have been shown to be excellent media for extraction or controlled degradation of the aliphatic polycarbonate poly-(hexamethylene carbonate). 8
Experimental part
Methods of characterisation
IR spectra were recorded with a Bruker Equinox 55 FTIR spectrometer. 1 H/ 13 C NMR spectra (Bruker AC-200) were obtained in CDCl 3 with CHCl 3 as internal standard. Thermal properties were measured with a Mettler TC 11/15 system with DSC 30 and TG 50 equipment. Size exclusion chromatography (SEC) was performed with a PSS System 2000 (Polymer Standards Service, Mainz, Germany) using a constaMetric 3200 pump from Thermo Separation Products, a refractive index detector Shodex RI-71, tetrahydrofuran with a flow rate of 1 mL/min as eluent and poly(methyl methacrylate) standards. A column combination was used with SDV gel columns (styrenedivinylbenzene) from PSS (8 × 300 mm, 5 µ m particle size, pore size: 100 Å for extracted material, and a combination of 1000, 10 5 and 10 6 Å for polymeric material). Elemental analyses were made by Beller, Göttingen.
Materials
Diphosgene, 1-hexanol, 1-butanol from Aldrich; poly(hexamethylene carbonate) from Bayer AG, Leverkusen; ammonia (99.98%) from Messer Griesheim.
Dihexyl carbonate [9] A 250 mL two-necked flask with dropping funnel, reflux condenser and magnetic stirring bar was charged at 0°C with 86.8 g (0.85 mol) 1-hexanol, and 42.1 g (0.21 mol) of diphosgene were slowly added. The mixture was stirred 1 h at room temperature, then 20 h at a bath temperature of 90 -100°C until no more gas evolved. The product was purified by distillation over a column. 
Continuous flow tube reactor for extraction and ammonolysis of poly(hexamethylene carbonate)
The reservoir of ammonia was a cylindrical pressure vessel with needle valve at the bottom side. It was heated to 30°C in order to maintain sufficient pressure and connected to a HPLC pump (constaMetric 3200 from Thermo Separation Products). The stainless steel reactor (dimensions: 8 x 0.8 cm, volume: 3.6 mL) was connected with capillary tubes (inner diameter 0.25 mm) and placed in an oven at an angle of 60°, the lower side being connected with the pump. The compound (1.5 -1.8 g) was placed in the reactor, which was closed with two sintered metal filters to avoid transport of solid material. The upper end of the reactor was connected to a pressure gauge and a needle valve. The oven was heated to the temperatures given in Tabs. 5 and 6, and extraction was made with a flow of 0.5 mL/min and a pressure of 200 bar. Samples were taken under (semi)continuous flow of ammonia, which was enabled with a constant position of a needle valve or by intermittent opening and closing. This procedure is accompanied by a pressure drop, but pressure was all the time far above the vapour pressure of ammonia.
Solubility and ammonolysis in an autoclave (general procedure)
The autoclave made from stainless steel (internal volume 28 mL) has O-rings from Perbunan up to 120°C and from Teflon up to 200°C as seals and flanges to close the cylindrical vessels. It was equipped with a thermocouple, a pressure gauge and a valve for filling and sampling. It was heated with an electric heating jacket. The autoclave had glass windows for visual observation of the contents. Mixing of components was achieved either with a magnetic stirring bar or with steel balls.
The autoclave was charged with the amounts of material given in Tabs. 5 and 6, rinsed with dry argon and sealed. Ammonia was introduced from a pressure vessel and the reaction proceeded under the conditions given in Tabs. 5 and 6. Samples were taken from the fluid phase with a small pressure vessel of 2.5 mL internal volume.
For determination of solubility, saturated solutions were prepared at a given temperature; samples were taken from the fluid phase. Ammonia was removed, the sample dried, weighed and characterised.
Complete ammonolysis of poly(hexamethylene carbonate) in an autoclave
7.28 g Poly(hexamethylene carbonate) and 20.98 g ammonia were reacted in a 55 mL autoclave at 200°C and 600 -1000 bar. Samples were taken after 15, 30, 45, 70, 90 and 125 min and analysed by SEC. After 2 h the autoclave was cooled to room temperature, ammonia was removed, 1,6-hexanediol and urea were separated by trituration with tetrahydrofuran and identified by comparison with authentic samples.
Ammonolysis of model compounds
Experiments were made in the autoclave, amounts and reaction conditions are summarised in Tab. 5. After evaporation of ammonia the residues of the samples were weighed, dissolved in CDCl 3 , filtered to remove insoluble urea, and analysed by 1 H NMR spectroscopy. Conversion was calculated from the ratio of integrals of the 
